Abstract: An etch-free fabrication technique for creating low loss silicon waveguides in the silicon-on-insulator material system is proposed and demonstrated. The approach consists of local oxidation of a silicon-oninsulator chip covered with a e-beam patterned hydrogen silsesquioxane mask. A single oxidation step converts hydrogen silsesquioxane to a glasslike compound and simultaneously defines the waveguides, bypassing the need for any wet or dry etching steps. The spectral response of ring resonators fabricated using this technique was used to characterize the waveguide losses. Intrinsic Q-factors as high as 1.57 × 10 6 , corresponding to a waveguide loss of 0.35dB/cm, were measured.
Introduction
Silicon based photonic technology has seen tremendous growth in the past decade [1] . The availability of the Silicon-On-Insulator (SOI) material system as a convenient waveguiding platform for fabricating planar photonic circuits has been a major factor in this growth. To create the waveguides, most fabrication approaches rely on a plasma etching step which can have detrimental effects on the loss characteristics of the waveguide. Surface roughness and chemical damage have been identified as the main culprits for this increased loss [2] .
Local oxidation of silicon (LOCOS) using a variety of mask materials has been proposed as an alternative fabrication approach to create low loss waveguides [2] [3] [4] . The main advantage of using LOCOS is that instead of etching the silicon layer directly, only the mask is etched and subsequently the pattern is transferred into silicon using oxidation. However, the shared commonality in all of these approaches is the need for a plasma or wet etch step to define and pattern the mask. In this work we propose and demonstrate, for the first time, an alternative approach which completely bypasses the etching step. In addition to improving the loss characteristics of the resultant waveguides, the approach also simplifies the overall fabrication process considerably, which can result in a distinct economic advantage of this fabrication technique.
Waveguide fabrication
In order to create a mask for LOCOS, the mask must be able to withstand the high temperature of the oxidation process (typically 900°C or more), so organic masks are not suitable for this purpose. Owing to the partial overlap of the mode with the oxidation mask, the mask should have low optical loss or be removed in the final step. Material choices for LOCOS masks have included thermal oxide grown on the wafer surface [2] and silicon nitride [3] (deposited using PECVD). These masks are then patterned using e-beam or UVlithography and, depending on the material, either removed [3] or left embedded as part of the waveguide structure [2] .
In our approach we have chosen hydrogen silsequioxane (HSQ) as a candidate for the oxidation mask. HSQ is a cage-like siloxane-based polymer with the general formula (HSiO 3/2 ) 2n where every silicon atom is bound to three oxygen atoms and one hydrogen atom, forming a three dimensional ladder structure. HSQ has long been used as a low-k dielectric in the semiconductor industry [5] and has also become a widely used negative electron beam resist [6] . Since it is readily patterned using e-beam lithography, it can be directly used as a mask without the need for an additional etching step. Also, it has been shown that annealing HSQ at high temperatures in an oxygen-rich environment will convert it to a glass-like compound with excellent optical properties [7] . Therefore, after performing the oxidation step to define the silicon waveguides there will be no need to remove the HSQ, since it effectively becomes one with the thermal oxide. The fabrication steps for this process are shown in Fig.  1 .
An important requirement of the oxidation mask is that it should form an (ideally) impenetrable barrier to the oxygen atoms in order to protect the underlying silicon from oxidation. For HSQ this can be satisfied by creating a relatively thick mask (500nm-800nm). Such a layer will form a semi-impervious barrier to oxygen, while still being patternable with e-beam lithography. However, most standard recipes for HSQ are tailored to thin layers (resist thicknesses of at most 200 nanometers). Using these standard recipes for patterning a thick layer of HSQ will result in sloping sidewalls and proximity effects due to over-exposure in small gaps ( Fig. 2(a) ). In order to create well defined patterns in thick HSQ, we used a high contrast recipe [8] which resulted in excellent gap clearance and steep sidewalls ( Fig. 2(b) ). To fabricate the devices, we used FOX-16 spun at 2000rpm on SOI chips having 200nm device and 3000nm buried oxide layers, which results in an HSQ film thickness of about 550nm. To obtain thicker films, some of the solvent was intentionally evaporated, resulting in a more viscous solution, which resulted in film thicknesses up to 800nm. E-beam patterning was done on a Raith 50 with a dosage of 600µC/cm 2 . Oxidation was performed in a tube furnace at a temperature of 1120°C and an oxygen flow of 10sccm. By controlling the duration of oxidation and thickness of the HSQ we were able to create both rib and buried channel type waveguides (Fig. 3) . To protect the surface of the chips and also to create a more symmetric structure, 2000nm of SiO 2 was deposited via PECVD on the chip surface.
Waveguide loss measurements
The accurate measurement of optical loss in low loss waveguides can be a challenging undertaking. The usual technique for characterizing optical loss is the 'cut-back' method, where the losses are extracted from the transmission through waveguides of different lengths. However, to measure losses less than a few dB/cm with this technique, the waveguide lengths should be on the order of centimeters which is not easy to achieve with direct electron beam writing, due to limited write-field sizes. Resonant techniques for characterizing waveguide loss, on the other hand, can be implemented using smaller structures. To characterize the waveguide losses, we fabricated ring resonators weakly coupled to straight waveguides (to minimize the coupler losses). For these samples, the HSQ width and height were 900nm × 650nm and the oxidation time was 6 hours, resulting in a rib type waveguide.
In a ring resonator, the coupling coefficient and ring loss can be extracted simultaneously from the resonance linewidths, FSR and extinction ratios of the normalized transmission spectrum [9] . The measured transmission spectrum in Fig. 4(a) corresponds to a ring with radius of 150µm (a comparatively large radius was chosen to minimize the radiation losses), and waveguide-ring gap of 700nm. The spectral scan was carried out using an Agilent 86100B tunable laser with 100fm resolution. The measured group index is 3.22, calculated from the free spectral range of 0.845nm. Figure 5(a) shows the SEM of the waveguide profile (after the upper cladding was removed with a wet oxide etch). From the SEM measurements, the waveguide profile is modeled as a Gaussian curve with the form section, was estimated from the cross section SEM image of the unpatterned area of the chip. The model fit was optimized such that the calculated group index matches the measured group index. At 1600nm, the calculated effective index of the quasi-TE mode is 2.12 ( Fig. 5(b) ). The simulations also predict the existence of a weakly guided antisymmetric quasi-TE mode with effective index of 1.77, close to the effective index of the slab mode (1.64).
Some of the resonances exhibit mode splitting (Fig. 4(c) ), which has been attributed to backscattering in the ring or ring cladding [10] and also degeneracy breaking due to the presence of the coupler ( [11, 12] ). In order to account for this splitting, the resonance was modeled as an inverted double Lorentzian, from which the overall linewidth was extracted by weighted combination of the two linewidths ( α is the waveguide loss in decibels per unit length [13] ). A portion of this loss is due to factors such as losses in the HSQ mask and PECVD cladding, leakage into the silicon substrate and also some radiation loss from the ring. In addition, mode splitting may result in reduction of the overall Q factor [12] .Taking all these effects into consideration it is likely that the actual waveguide loss is less than the measured 0.35dB/cm. It should be noted that part of the loss reduction is due to the increased overlap of the mode with oxide cladding and so in principle it should be possible to have waveguides with losses less than the bulk silicon loss. In addition to the inherent propagation loss, bending losses are also an important parameter of the waveguide. Figure 7 shows the estimated bending loss of the waveguide profile shown in Fig. 5 . Calculation of bending losses was done using an equivalent straight waveguide model [14] . The results indicate that it possible to create fairly tight bends with negligible bend losses using this fabrication technique.
In conclusion, we have demonstrated a completely etch free technique to fabricate silicon waveguides with extremely low losses, approaching the value of bulk silicon loss of 0.2dB/cm. We have also demonstrated how passive components such as high-Q ring resonators can be fabricated using this technique. Further control over the waveguide shape is possible by changing the thickness of the HSQ and oxidation time. By using process modeling Fig. 6 . Calculated loss corresponding to each of the resonant dips shown in Fig. 4 . The lowest measured loss of 0.35dB corresponds to the 1.1pm double resonance dip in Fig. 4(b) and corresponds to an intrinsic Q factor of 1.57 × 10 6 . The error bars are calculated assuming ± 100fm error in measuring the FWHM. tools such as Silvaco Athena, which would take into account effects such as oxygen diffusion through the HSQ mask, it will be possible to predict and design a desired waveguide profile. The high quality of the waveguides, coupled with the fact that this process only requires a single oxidation step and completely eliminates the need for plasma etching equipment (which can result in substantial cost and time saving in the fabrication process) makes this approach an attractive alternative to conventional etch-based fabrication processes.
